Abstract: This paper discusses how to effectively design a nextgeneration wireless communication system that can possibly provide very high data-rate transmissions and versatile quality services. In order to accommodate the sophisticated user requirements and diversified user environments of the next-generation systems, it should be designed to take an efficient and flexible structure for multiple access and resource allocation. In addition, the design should be optimized for cost-effective usage of resources and for efficient operation in a multi-cell environment. As orthogonal frequency division multiple access (OFDMA) has turned out in recent researches to be one of the most promising multiple access techniques that can possibly meet all those requirements through efficient radio spectrum utilization, we take OFDMA as the basic framework in the next-generation wireless communications system design.
I. INTRODUCTION
The next-generation wireless communication systems beyond the 3rd generation are expected to provide very high data-rate transmissions and versatile quality services. According to ITU reports, the next-generation wireless communications systems are required to provide a 100 Mbps data rate for fast moving users and a 1 Gbps data rate for fixed users, which is 50 100 times higher than that of 3G systems [1] .
In order to be able to provide such high data rate services, it is necessary to employ advanced multiple access and transmission technologies that can utilize frequency resources most efficiently. Among various multiple access techniques known to date, orthogonal frequency division multiple access (OFDMA)
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is one of the most favored schemes for use in broadband transmission system design as it is capable of overcoming intersymbol interference (ISI) and utilizing the given radio spectrum efficiently by dividing it into a large number of small subbands [2] , [3] . There have been reported a number of OFDMAbased system designs, such as adaptive OFDMA [2] , frequency hopping (FH) OFDMA [4] , [5] , and multi-carrier code division multiple access (MC-CDMA) [6] - [8] systems. In addition, there are various other techniques that have been introduced to help enhance the spectral efficiency through resource management algorithms such as opportunistic scheduling [9] - [13] and adaptive channel allocation [14] - [19] . Such link adaptation techniques are tightly coupled with the physical layer structures and feedback mechanisms, so in the relevant system design, transmission technologies should be considered in combination with resource management schemes.
In addition to the requirements on high data rate transmission and versatile quality services, there are various other requirements that should be incorporated in designing the nextgeneration wireless communications systems: Basically, the system should be designed to efficiently provide services to users in different conditions in terms of mobility, service requirements, and geographical environment. Secondly, it should be optimized to effectively utilize the limited frequency spectrum in multi-cell environment. Third, the cell planning should be done to be effective for distributed cellular systems with universal frequency reuse. Fourth, the system should be capable of overcoming other-cell interference (OCI) caused by universal frequency reuse and be required to minimize the level of coordination among the neighboring cells. Fifth, the architecture should be designed to render an easy connection and/or expansion to IP networks.
In order to accommodate such sophisticated requirements, we need to design the next-generation wireless communication systems to be efficient and flexible in handling multiple access, resource allocation and management and to be robust to OCI. In this paper, we introduce a next-generation system design, focusing on its downlink part. The system design satisfies all these requirements by taking OFDMA technology as the basic framework while employing different variations for different user conditions. The resulting system is composed of three major building blocks: The hybrid multiple access (HMA) technique, the frequency group (FG) technique, and the intra frequency group averaging (IFGA) technique. A major portion of the paper will be dedicated to discussing the reasons why HMA, FG, and IFGA techniques are conceived and how these techniques are to be implemented.
The HMA technique is designed to combine various multiple access mechanisms on the basis of OFDMA system and choose the most appropriate multiple access technique depending on the mobility, service, and environment of the user. The OFDMA framework that adopts the HMA technique renders a solid basic structure to build an efficient and flexible downlink system in which a diverse set of access techniques and resource management algorithms can be effectively combined to provide the desired user services and QoS requirements.
The FG technique, in conjunction with the IFGA technique, is designed to reduce the feedback and control overheads, since the OFDMA system that exploits multi-user diversity gain through resource management inherently causes heavy control overhead. We form each FG by grouping the sub-carriers within a coherence bandwidth so that the signal-to-noise-ratio (SNR) may be regarded identical among all the sub-carriers belonging to the same FG. Then the feedback and pilot overheads reduce significantly as feedback can be done FG based, not sub-carrier based. In addition, we adopt the IFGA technique such that signal-tointerference and noise-ratio (SINR) is maintained uniform over all sub-channels within the same FG by averaging out the channel characteristics of each constituent sub-channel. Such IFGA technique makes the FG concept effectively applicable to multicell OFDMA systems, by overcoming the OCI variation problem caused by non-uniform resource usage in the neighboring cells.
This paper is organized as follows. We first develop the HMA technique in Section II and present the frame structure that employs the FG concept in Section III. Then in Section IV, we discuss how to improve the structure by adopting the IFGA processing and analyzing the performance of different types of IFGA mechanisms. Finally, we draw conclusions on the HMA based downlink system design in Section V.
II. HYBRID MULTIPLE ACCESS (HMA)
As discussed above, the next-generation wireless communication systems should be designed to be capable of accommodating sophisticated user requirements and diversified user environments. So they should be designed to take an efficient and flexible structure for multiple access and resource allocation such that they become optimized for cost-effective utilization of resources and efficient operation in multi-cell environment. However, the existing OFDMA-based multiple access schemes retain both advantages and disadvantages that vary depending on the application requirements and the user conditions [3] . Specifically, OFDMA itself can achieve high spectral efficiency but is not adequate for use in mobile or high OCI environment; FH-OFDMA can provide frequency diversity gain with light control overhead so it is adequate for mobile users but it sacrifices the spectral efficiency; and MC-CDMA can provide OCI robustness and frequency diversity gain but suffers from inter-code interference and channel estimation problems. 1 Therefore, in the next-generation system design it is desirable not to single out one access technique among them to cover all different users, ½ In the MC-CDMA system, accurate channel estimation for each sub-carrier is required to despread the frequency-spread signals without inter-code interference, which requires high pilot and system overhead.
each-with different QoS requirements, mobility and environments, but to mix and match different access techniques depending on the application requirements and user conditions.
In order to take advantage of the different features possessed by different multiple access techniques, we take a top-down approach that adopts the concept of class to categorize users depending on the QoS requirement, mobility and environment. Based on this categorization, we build a hybrid multiple access scheme that chooses the most appropriate multiple access technique for each different class, thereby maximizing the efficiency and flexibility in multiple access.
A. Mobility Classes
In the aspect of user mobility, we may classify users into two mobility classes depending on the speed of user's movementmobile users and nomadic users.
In the case of the nomadic users, the channel conditions change slowly as the Doppler frequency spread due to the movement speed is small. This helps the nomadic users utilize link adaptation with little feedback overhead. So in designing the downlink system for nomadic users we may set the main objective to fully utilize the radio spectrum and achieve high spectral efficiency based on adaptive resource management such as adaptive modulation and coding (AMC) and wireless scheduling algorithms over adaptive OFDMA. We may exploit multiuser diversity by selecting the most appropriate sub-carrier for each user and applying AMC according to long-term and shortterm channel qualities, respectively, or by applying opportunistic scheduling algorithms over the shared channels. However, it is not advantageous to apply adaptive resource management to nomadic users in unfavorable environments or with simple service requirements. Therefore, we need to determine the most appropriate multiple access technique and resource allocation strategy after considering the service requirement and user environment. So we defer further discussions on detailed selection schemes for nomadic users to the next subsections.
On the other hand, in the case of mobile users, the channel conditions change fast due to the high Doppler frequency spread caused by high mobile speed. Then the link adaptation techniques become meaningless as the feedback information may be hardly delivered to the controller within some meaningful time duration, or the coherence time. Consequently, we need to set the main design objective of the downlink system to provide robust services under fast-varying channel conditions. In this case, frequency diversity gain and control overhead become more important factors than the spectral efficiency. Therefore, it is desirable, under the HMA framework, to take FH-OFDMA as the opted multiple access scheme for mobile users. Differently from the case of nomadic users, we may not consider the effects of the service and environment classes for the mobile users. The reason is that the application of link adaptation techniques 2 does not enhance the spectral efficiency for mobile users due to the short coherence time.
It is possible to consider MC-CDMA as another candidate multiple access technique for mobile users. However, MC-CDMA requires accurate channel estimation per each sub-¾ In the HMA framework, service and environment classes are considered for further enhancement of the spectral efficiency through link adaptation. carrier for despreading but the channel estimation errors and the corresponding inter-code interference are likely to increase as the mobile speed increases. Therefore, under the HMA framework, we take FH-OFDMA as the opted multiple access mechanism for mobile users. Fig. 1 shows the simulated performances of FH-OFDMA and adaptive OFDMA 3 techniques with respect to various mobility speeds. The simulation was performed over an OFDM system with 256 sub-carriers in a 2.5 MHz bandwidth and a 115.2 s symbol length (including cyclic prefix length of 12.8 s). We assumed that the frame length is 18 OFDM symbols (i.e., 2.074 ms) and the link adaptation is performed for the adaptive OFDMA at every frame and with one-frame feedback delay. We assumed perfect channel estimation and no feedback error. For the channel model, we used a 5-path Rayleigh fading channel with wide-sense stationary uncorrelated scattering. In time domain, we used Jakes model and exponential decaying delay profile model with ÖÑ× ¼ × and set the path loss exponent to 3.5. The delay distribution of each Rayleigh path is generated by a uniform distribution with the mean ÖÑ× . Plotted in the figure is the SNR required to achieve a total rate of 512 bits/OFDM symbol with a ½¼ ¿ BER constraint using AMC. We used QPSK, 16-QAM, and 64-QAM for modulation schemes and rate 1/2 convolutional code with length 7 for channel coding. During the simulation, we applied equal power allocation and adapted the modulation set for each sub-carrier through the adaptive sub-carrier allocation (ASA) and adaptive bit allocation (ABA) algorithms [17] in order to minimize the BER with the constraint of the total rate. We do not adapt the code rate in order to reduce the simulation complexity.
The SNR requirement value in the figure is the average of the performances of 16 users. From the figure, we observe that the FH-OFDMA maintains good performance even when the mobile speed increases but the adaptive OFDMA exhibits good performance only when the mobile speed is less than 30 km/h. This result testifies that the FH-OFDMA is an adequate choice ¿ Adaptive OFDMA refers the OFDMA system that adopts dynamic channel allocation algorithms.
for mobile users.
In the HMA framework, we may differentiate nomadic and mobile users depending on the utilization of link adaptation. A user estimates its own channel coherence time Ì through the pilot signal received from the base station. If the estimated Ì value is longer than the minimum threshold value required for link adaptation, Ì Ä , we may classify the user as nomadic and, otherwise, as mobile. For determining the threshold value Ì Ä , we should consider the unit time needed for link adaptation and the feedback delay. We will defer the discussion of this issue to Section III-B.
B. Service Classes
In the aspect of services, we may classify users based on the two well-known classes-real-time (RT) services and non realtime (NRT) services.
As the NRT service refers to bursty data service such as web browsing, FTP and emails, throughput is the main metric of QoS and delay is not of much concern. So the multi-user diversity gain for NRT services may be maximally exploited by applying an opportunistic scheduling algorithm over the shared channel in such a way that the user in the best condition of channel quality and service statistics is selected for service. The scheduling algorithm may be selected among the multitude of wireless scheduling algorithms that have been reported in the literature to date [9] - [13] .
In order to fully exploit such multi-user diversity, we assign shared-OFDMA (S-OFDMA) channel to the nomadic users that require NRT services. As there exist multiple S-OFDMA channels and multiple users, it is necessary to group users to share the same S-OFDMA channel by considering the service requirements and environment. In the proposed HMA framework, we dynamically assign up to eight users into an S-OFDMA channel and adopt the CDF-based scheduling (CS) algorithm [12] for opportunistic scheduling. When a new user requests an NRT service, we select an appropriate existing S-OFDMA channel or a new S-OFDMA channel depending whether or not the assignment of the new user violates the QoS requirement of the readily admitted users. Such an assignment scheme makes sense, as it is possible to estimate the throughput performance of each user at the call admission control stage by adopting the CS algorithm [12] . On the other hand, if the NRT service is such a one that requires a huge bulk of data transmission, such as FTP service, we can assign a dedicated channel to shorten the data transmission time.
In the case of RT services such as voice and streaming services, it is hard to apply the opportunistic scheduling algorithms, as RT services produce delay-sensitive traffic. So dedicated channels, such as the dedicated-OFDMA (D-OFDMA) channel or the FH-OFDMA channel, are more appropriate to assign than the shared channels such as the S-OFDMA channel. If a higher spectral efficiency is desired, it is possible to apply adaptive channel allocation algorithms [14] - [17] to D-OFDMA channel, instead of the opportunistic scheduling algorithms. However, if the required RT service is a low data-rate service such as a typical voice service, FH-OFDMA is the better choice, as the control and feedback overheads required to apply the adaptive channel allocation algorithm would be larger than the gain ob-tained by applying it. In the HMA framework, we arrange a D-OFDMA channel to consist of Ë Ä or more downlink subcarriers of identical channel condition 4 and a feedback channel in order to reduce the feedback and control overheads. This means that if an RT service uses a D-OFDMA channel, it should use at least Ë Ä sub-carriers. So, unless the number of FH-OFDMA channels, AE À , required to serve an RT service does not exceed Ë Ä , it is more efficient to use AE À FH-OFDMA channels than to use one D-OFDMA channel. Note that one FH-OFDMA channel is equivalent to one sub-carrier of the D-OFDMA channel. Therefore, under the HMA framework, a nomadic user of RT services first estimates the AE À value and then selects an appropriate multiple access scheme based on this value. The condition to select FH-OFDMA is
C. Environment Classes
In the cellular system, the environment of a user highly depends on its location and the resource utilization of the neighboring cells. In this aspect, we may consider classifying the geographical user environment into two classes depending on the proximity to the center of a cell-cell center and cell boundary.
If a user were located at the cell boundary, it would experience not only the low average SNR but also high OCI, with the OCI fluctuation affecting the SINR more than the SNR fluctuation does. This fact implies that if a user approaches the cell boundary, the multi-user diversity gain obtained by adopting adaptive D-OFDMA diminishes as the average SINR needed to select the appropriate D-OFDMA channel varies when the resource allocation of neighboring cells changes. On the contrary, the frequency diversity gain of FH-OFDMA becomes more effective since not only the instantaneous SINR but also the average SINR of the OFDMA sub-carriers fluctuates. Fig. 2 shows the simulated performances of FH-OFDMA and adaptive OFDMA applied to differently located users with respect to different values of interference loading factor (ILF), which is defined by ÁÄ AEÙÑ Ö Ó Ù× ×Ù ÖÖ Ö× Ò Ò ÓÖ Ò ÐÐ× AEÙÑ Ö Ó ØÓØ Ð ×Ù ÖÖ Ö× Ò Ò ÓÖ Ò ÐÐ× (2) In the simulation, we took the typical 7-cell structure and allocated sub-carriers in the neighboring cells such that the ILF value becomes identical for each neighboring cell. Specifically, we assigned both D-OFDMA channels and FH-OFDMA channels in each neighboring cell to generate a semi-dynamic OCI model. For each neighboring cell, we allocated ½ ¾ AEAE Ì subcarriers to D-OFDMA channels in a random fashion and assigned ½ ¾ AEAE Ì FH-OFDMA channels that hop randomly each symbol period among the other´½ ½ ¾ AEµAE Ì sub-carriers, for the ILF value AE and the total number of sub-carriers in each cell AE Ì . Under such OCI model, some sub-carriers would experience constant OCI due to the D-OFDMA channels allocated in the neighboring cells and some others would experience dynamically changing OCI due to the FH-OFDMA channels assigned
We can provide multiple sub-carriers of identical channel condition by adopting the FG concept and IFGA processing, as will be described in the next two sections. in the neighboring cells. We took the same system configuration as for the Fig. 1 case and put eight users at the distance of ¼ ¾ Ê from the cell center and eight users at the distance of ¼ Ê, for the cell radius Ê. 5 The figure plots the average values of BER for the eight users. From the figure, we observe that FH-OFDMA is better than adaptive OFDMA in the high OCI environment.
In the HMA framework, we assign multiple FH-OFDMA channels to the nomadic users that require high-data rate RT services in a high OCI environment, since the frequency diversity gain of FH-OFDMA is more efficient than the multi-user diversity gain of D-OFDMA. In order to determine the environment class, each nomadic user estimates the number of sub-carriers required for both cases-namely, AE Ä when it uses link adaptation through D-OFDMA channels and AE À when it uses FH-OFDMA channels. An FH-OFDMA channel is allocated to the user if
for a compensating factor « Ò . Usually, the value « Ò ½ suffices but a bigger value may be used to reflect the resource required for control and feedback overheads of the D-OFDMA channel. If « Ò ½, it means that the extra´« Ò ½µAE Ä subcarriers may be regarded as such overheads. Considering the required service rate of the RT services discussed in the previous subsection, we may express the decision criterion of using the FH-OFDMA channel for RT services as follows
In case the system allows for high frequency reuse factor (FRF), we may use D-OFDMA with high FRF for high data rate RT services in a high OCI environment.
A summary of the above discussions is listed in Table 1. The  table, in effect, works as the definition of the proposed HMA We do not consider the users at the cell boundary (i.e., at ½Ê distance), as those users are supposed to select the FH-OFDMA channels under the HMA framework. framework. Once a user condition is determined, in terms of mobility, service, and environment, we may look up in the table to find the preferred multiple access scheme.
D. Other Considerations
So far we have considered the issues fundamentally required for establishing the HMA framework. There are several other issues to consider in support of the HMA framework, namely, the issue of signaling and estimation errors, the issue of H-ARQ adaptation and the issue of applying MIMO technologies.
The error that occurs in the feedback channel towards the base station or in the channel estimation at mobile station can cause performance degradation in the HMA framework. Basically, each mobile is equipped with ARQ schemes that can compensate for the errors. However, if the performance degradation becomes large, we may adopt a readjustment process such that the OFDMA-channel (D-OFDMA or S-OFMDA channel) can be switched to some FH-OFDMA channels when the received throughput of the OFDMA channel drops below the expected throughput of the FH-OFDMA channels. Such a readjustment scheme can be used as a means to handle the problem of misestimating the mobility or the environment class of the mobile station and, in addition, the problem of large delay spread. 6 The hybrid-ARQ (H-ARQ) mechanism [19] may provide a useful means to enhance the performance of the HMA scheme as it can help to compensate for mismatched link-adaptation, for the OFDMA and FH-OFDMA channels, or data frame errors by combining a channel coding and an ARQ scheme. The main effect of H-ARQ, however, is in elevating the received throughput towards the level that might be achieved if the fast-link adaptation is ideally applied. This indicates that the performance of an FH-OFDMA channel adopting H-ARQ may be hardly better than that of a D-OFDMA channel equipped with fast-link adaptation. Therefore, the HMA scheme can accommodate the H-ARQ mechanism under the basic framework as defined above.
The MIMO technology [20] is an important physical layer tool that can help enhance the performance of the HMA scheme. We may adopt the MIMO technology in different forms in combination with the appropriate multiple access mechanisms considering the service requirements, mobility classes and environment classes. Detailed work on the usage of MIMO technology, as well as that of H-ARQ, is for future study.
Note that a large delay spread can degrade the performance of OFDMA channels when the FG concept is applied. A more detailed discussion about the delay spread will be made in Section III.
III. FRAME STRUCTURE DESIGN WITH FREQUENCY GROUPING
The HMA framework as discussed above would possibly render an efficient and flexible multiple access mechanism for an OFDMA-based downlink system. However, the OFDMA-based system that utilizes multi-user diversity through link adaptation and scheduling inherently accompanies heavy control overhead. In this section, we discuss how to design the frame structure of the OFDMA-based downlink system to make it operate at reduced feedback and control overheads in both frequency and time domains. We focus the discussions on the D-OFDMA and S-OFDMA schemes, excluding the FH-OFDMA case that does not use fast link adaptation. As will be detailed below, we adopt the concept of frequency grouping as a means to reduce the overheads.
A. Frequency Domain Design
In broadband wireless OFDMA-based systems, the channel condition of each sub-carrier varies due to frequency selective fading. However, within the range of the coherence bandwidth, the fluctuation of the channel condition among the adjacent sub-carriers may be regarded as very small. So we divide the overall sub-carriers into frequency groups (FGs) of the same size, Ë , by grouping the sub-carriers within each coherence bandwidth, and allocate one of the Ë sub-carriers in each FG as the pilot channel. Then we may regard that the SNR values are identical among all the sub-carriers belonging to the same FG and this SNR value can be determined by measuring the pilot channel. This enables channel feedback to be done per FG, instead of per sub-carrier. Consequently, the channel information of the Ë sub-carriers within an FG is represented by the pilot channel, so the amount of feedback information reduces to one per Ë . The coherence bandwidth, Ï , is a function of the delay profile, which may be expressed as Ï ½ Ñ Ü for the maximum delay spread Ñ Ü . Table 2 lists the delay profiles, the related coherence bandwidth and the resulting number of subcarriers within the coherence bandwidth for the ITU, COST259, and 3GPP models. If we were to take all the models into consideration, the allowable FG size would be only 5 sub-carriers. However, this is too small a value for practical use and the reduction of feedback and pilot overheads is not large enough. Noting that, the objective of adopting the FG concept is to reduce the overhead of the D-OFDMA or the S-OFDMA channel used by nomadic users, we may exclude from consideration the models for mobile users such as vehicular model of ITU and the case 3,5,6, and 7 models of 3GPP. In addition, we may also exclude the hilly terrain model of COST259 by assuming that the users under this model can be serviced by the FH-OFDMA channel. This assumption is reasonable as the readjustment mechanism in the HMA framework described in Section II-D is supposed to switch an OFDMA channel with large delay spread to some FH-OFDMA channels when the received throughput of the OFDMA channel is lower than the expected throughput of the FH-OFDMA channels. Therefore, it is adequate in the FG design to take into account the RMS delay spread below 1 s, expecting a performance degradation below 1.5 dB. In case a user suffers from a delay spread larger than 1 s, the readjustment mechanism of the HMA framework will change the multiple access scheme to FH-OFDMA. Fig. 3 shows the simulated performance of the adaptive OFDMA for nomadic users with various different delay spreads and FG sizes. For the simulations we assumed an OFDMA system with 2,048 sub-carriers in a 20 MHz band at a 2 GHz frequency and a 115.2 s symbol length including a 12.8 s cyclic prefix (CP). We used a 5-path Rayleigh fading channel with exponential decaying delay profile and used five RMS delay spread values of 0.5, 1, 2, 3, and 4 s. We set the path loss exponent to 3.5 and assumed perfect channel estimation and no feedback error. The figure plots the SNR values required to achieve the data rate of 8,192 bits/OFDM symbol with a ½¼ BER constraint. We used QPSK, 16-QAM, and 64-QAM for modulation schemes and a rate 1/2 convolutional code with length 7 for channel coding. We assumed equal power allocation and fixed code rate and applied the ASA and ABA algorithms [17] to adapt the modulation set. Plotted in the figure are the average values of 16 users. Based on the SNR performances displayed in the figure, we take the prime number 17 as the value of Ë
, as the performance degradation falls within 1.5 dB range for 1 s RMS delay spread and within 7 dB range for the worst case of 4 s RMS delay spread for this value. Then the feedback overhead reduces to 1/17 through the FG based feedback operation, while the multiuser diversity gain obtained from the adaptive OFDMA gets degraded by 1.5 dB. The choice of the prime number 17 is intended to include a pilot channel and a radix-2 number of data channels and, in addition, for an easy adoption of the intra frequency group hopping (IFGH) technique to be discussed in the next section. 7 As a result, we get the basic framework of the HMA based downlink system as follows: Given a 20 MHz band at a 2 GHz frequency, we put 2,048 sub-carriers in it. The symbol duration is then determined by the inverse of the sub-carrier spacing to be 102.4 s (= 2,048 / 20 MHz). If we add a 1/8 CP overhead of 12.8 s, the resulting symbol length becomes 115.2 s. We divide the 2,048 sub-carriers into 120 FGs of 17 sub-carriers each (i.e., 2,040 sub-carriers in total) and 8 null sub-carriers, 8 with each FG composed of 1 pilot channel and 16 data channels. Under this HMA framework, we build a D-OFDMA channel with at least Ë Ä sub-carriers within the same FG and an S-OFDMA channel using an FG. For the FH-OFDMA channels, we build an FH-OFDMA channel group with Ë À sub-carriers taken from Ë À different FGs. 9 One FH-OFDMA channel group can accommodate Ë À FH-OFDMA channels. It is expected in general that different multiple access schemes use difFor the design of an efficient frequency hopping pattern, the prime-numbered hopping period is preferred.
These null sub-carriers may be used for carrying fixed pilot signals or for other purpose. We do not specify guard bands here, but some FGs may be arranged as guard bands as necessary.
It is necessary to maintain some distance between two adjacent FGs among the Ë À FGs in order to provide frequency diversity. We set the minimum distance to 10 FGs in the HMA-based downlink system. ferent FGs in the HMA framework, but it is not restricted.
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The adoption of FG concept may reduce the frequency and interference diversity as it reduces the number of independent sub-channel. However, after applying the FG concept, there still exist 120 FGs (case of 2,048 sub-carriers) that can be expected to provide sufficient frequency and interference diversity.
B. Time Domain Design
In the time domain, we take the frame as the unit of link adaptation. However, the coherence time required for link adaptation, Ì Ä , should consider the feedback delay since the link adaptation is performed based on the feedback information reported by the user. Therefore, Ì Ä is determined by Ì Ä Ì · Ì (5) where Ì and Ì denote the frame duration and the feedback delay, respectively. In the HMA-based downlink system design, we assumed that the maximum feedback delay is Ì , and set Ì Ä to 2Ì . As mentioned above, the Ì Ä value should be determined such that the nomadic users can apply link adaptation techniques. The target nomadic users are those moving at a speed below 30 km/h. Fig. 4 shows the simulated performance of the adaptive OFDMA according to the normalized Doppler spread defined by
where Ñ Ü denotes the maximum Doppler spread. It plots the SNR values required to achieve the data rate of 8, 192 bits/OFDM symbol with a ½¼ BER constraint and a 4 s RMS delay spread. For the other parameters, we took the same system configuration as for the Fig. 3 case. Plotted in the figure are the average values of 16 users. Based on the SNR performances exhibited in the figure, we take 0.23 as the normalized Doppler spread value, for which the performance of the adaptive OFDMA has a gain of about 3 dB when compared with the nonadaptive OFDMA case. As the target maximum Doppler spread ½¼ For example, D-OFDMA channels may use the remaining sub-carriers in the FH-OFDMA FGs. is 55.55 Hz at the 30 km/h speed, the corresponding Ì Ä value is determined to be 4.147 ms (or 36 OFDM symbols) and the Ì value to be 18 OFDM symbols.
We take the frame structure to be composed of 1 preamble symbol and 17 data symbols. The preamble symbol is for use in estimating the frequency offset and performing the time synchronization. The symbol number 17 is taken to match with the FG size of 17 sub-carriers as the IFGH technique uses an Ò by Ò hopping matrix for a prime number Ò. 5 depicts the frame structure of the HMA framework in frequency and time domains, which is defined in the form of an FG consisting of 17 sub-carriers in frequency domain and in the form of a frame consisting of 18 symbols in time domain. In this design, the control overhead per frame is 1 preamble symbol in each of the sub-carriers and 1 sub-carrier in each of the 17 data symbols for the pilot channel. Therefore, the total control overhead is calculated to be ½ ½ · ½ ½ ¢´½ ½ µ, which amounts to 11.1 %.
IV. INTRA-FG AVERAGING FOR MULTI-CELL ENVIRONMENT
The frequency and time domain structure discussed above was designed to reduce the feedback and control overheads of the adaptive OFDMA system. However, in the multi-cell OFDMA environment, the channel quality also depends on how the neighboring cells use their sub-carriers. Consequently, even the sub-carriers within the same FG may experience different SINR due to the resulting OCI difference. In this circumstance, the pilot of an FG fails to represent the correct channel quality of the sub-carriers within the FG. In order to overcome such OCI variation and to effectively utilize the FG concept in multicell OFDMA systems, we employ intra frequency group averaging (IFGA) techniques, namely, intra frequency group hop-½½ The details of the IFGH technique will be discussed in the next section. ping (IFGH) and intra frequency group spreading (IFGS). These IFGA techniques are intended to average out the sub-channels in an FG by adopting frequency hopping (in the case of IFGH) or frequency-domain spreading (in the case of IFHS) mechanisms. Then the OCI caused by the allocation of sub-channels at the neighboring cells gets spread over all the sub-channels within the FG, and, consequently, the channel quality of the IFGAapplied sub-channels within an FG becomes uniform, with the IFGA-applied pilot duly representing the actual SINR of the constituent sub-channels.
A. Intra-FG Hopping
IFGH technique uses frequency hopping to average out the sub-channels. It spreads only the 17 by 17 data symbol array by using the 17 by 17 cell-specific Latin sequence. Once IFGH is applied, each sub-channel of a cell is distinguished by the hopping index and the signal from the other cells is distinguished by the cell-specific hopping sequence.
For channel estimation, we can process the pilot signal as it is hopped by the same sequence that is used for the data channels. While such channel estimation is adequate enough for resource management algorithms, it is not good enough for the OFDM systems since the OFDM receiver requires compensating the channel response of each sub-carrier through channel equalization. In order to estimate and compensate the channel response of the ( )-th OFDM element, which represents the -th tone (i.e., sub-carrier) at the th OFDM symbol, we adopt the 2-dimensional minimum mean square error (2-D MMSE) estimation method [18] . In the 2-D MMSE equalizer, the channel response of each OFDM element is estimated through the pilot elements within the coherence bandwidth and the coherence time ranges of the desired element. The receiver applies the interpolation and filtering methods using the auto-correlation functions between the pilot elements and the cross-correlation functions between the pilot element and the desired element. Fig. 6 illustrates the IFGH technique; (a) shows the original sub-channel structure of two FGs and two frames and (b) shows the sub-channel structure after applying cell specific hopping. The preamble symbol is omitted in the figure as the IFGH technique is applied only to the data symbols. As shown in Fig. 6(b) , the used and unused channels are well spread out to all the subcarriers within each FG. Therefore, both the SNR and SINR responses are well averaged out, since IFGH is applied to the signals from other cells as well as to the signal from the desired cell.
B. Intra-FG Spreading
IFGS technique uses frequency-domain spreading to average out the sub-channels. It uses Walsh-Hadamard sequence to distinguish the data sub-channels of a cell and applies a cellspecific scrambling code to distinguish the cells.
In contrast to the IFGH that spreads the pilot channel with the same hopping sequence, IFGS leaves out the pilot channel from spreading. It only spreads the 16 data channels. The pilot channel is spread by frequency hopping as in the IFGH case and then inserted to the frequency-domain spread data channels. Fig. 7 illustrates this procedure. Fig. 7(a) shows the frequencydomain spread 16 data sub-channels (excluding the pilot channel) for the original sub-channel structure in Fig. 6(a) . In order to demonstrate the pilot insertion procedure, we redraw Fig. 7 (a) to a simplified figure Fig. 7(b) , where each block represents the code-multiplexed signal of 16 code domain signals in Fig. 7(a) . Fig. 7(c) depicts the final form of the IFGS spectrum, including the frequency-hopped pilot.
Note that in the last figure the frequency-hopped pilot is inserted among the code-spread data channels. The reason of using the frequency-hopped pilot is because it is hard to compensate channel response at the OFDM receiver if a frequencydomain spread pilot is used. When the pilot elements are spread in the frequency domain, it is possible to measure the channel response after despreading but, for this despreading process, we need to compensate channel response to remove the inter-code interference.
C. Performance Comparison
We conducted computer simulations to compare the performances of IFGH and IFGS. For the simulations we took the 7- cell environment composed of the target cell and its six first-tier neighbors. We assumed that each cell uses 2,048 sub-carriers in a 20 MHz band at a 2 GHz frequency and the symbol length is 115.2 s including a 12.8 s CP. We used a 5-path Rayleigh fading channel with an exponential power delay profile and set the RMS delay spread and the path loss exponent to 1 s and 3. Fig. 8 shows the resulting averaged BER performances when link adaptation is performed among the modulation set QPSK, 16-QAM, and 64-QAM to achieve the data rate of 8, 192 bits/OFDM symbol using a rate 1/2 convolutional code with length 7 as the channel coding scheme. For the link adaptation, we assumed equal power allocation and fixed code rate and used the ASA and ABA algorithms [17] . We used the OCI model of Fig. 2 and applied the IFGS and IFGH techniques to the neighboring cells only when the corresponding technique is applied in the desired cell. Fig. 8(a) shows the BER performances at the locations of 0.25Ê and 0.5Ê from the cell center with the ILF value set to 0.4; and Fig. 8(b) shows the BER performances at the location of 0.5Ê from the cell center for the ILF values of 0.125 and 0.875. As the IFGS and IFGH techniques are designed for D-OFDMA and S-OFDMA users, the performance of the users at the cell boundary region (i.e., ¼ Ê ½Ê), which would select the FH-OFDMA channels is not considered.
From the figures, we observe that the performance of IFGH scheme is comparable to that of the IFGS scheme in general but becomes superior when channel condition becomes good. We also observe that the BER performance of IFGH approaches the ideal case. The performance gap between the two is inherently unavoidable as the concept of frequency grouping is adopted to reduce the feedback and pilot overheads at the sacrifice, to some extent, of the performance of the adaptive OFDMA. From the two figures we can find that the performance further degrades to the level of practical adaptive OFDMA if frequency grouping is applied alone, without the IFGA technique. These results demonstrate that the IFGA technique is an enabler of the FG concept that makes FG successfully applicable even in the multi-cell environment. 
V. CONCLUSION
In this paper, we have discussed how to design an efficient and flexible next-generation wireless communication system on the basis of OFDMA. Focusing on the downlink system design, we detailed the reasoning for adopting the HMA framework and the frame structure in connection with the concept of FG and IFGA techniques. The resulting downlink system is therefore tailored for accommodating various user requirements in diverse environments, with flexible adaptation of multiple access schemes and resource management strategies. It also renders an efficient structure that operates at reduced feedback and control overheads and is robust to the OCI in the multi-cell environment.
In the proposed downlink system, the HMA framework plays a central role for building an efficient and flexible downlink system. It basically combines various different multiple access mechanisms as the basis for an OFDMA system and chooses the most appropriate multiple access mechanism depending on the mobility, services, and environment of the user. Conducting a rigorous reasoning process, we have generated the criteria for selecting the best multiple access technique for each given situation and summarized it in Table 1 . Therefore, by employing the HMA framework, we can effectively accommodate sophisticated user requirements in diverse user environments.
The conception of FG and its extension to IFGA processing were intended to reduce the huge feedback and control overheads that are normally involved in designing an adaptive OFDMA system. By forming an FG by combining the subcarriers within a coherence bandwidth, we could regard that the channel condition becomes identical among all sub-carriers within the same FG; and by arranging an IFGA processing to average out the channel characteristics of each constituent subchannel within the same FG, we could overcome the OCI variation problem caused by the non-uniform resource usage of the neighboring cells in the multi-cell environment. According to computer simulations, it turned out that the FG concept can truly achieve the goal of reducing the feedback and control overheads without sacrificing the system performance, in the multi-cell environment, when IFGA technique is applied in conjunction with FG.
The proposed OFDMA downlink system design may put a corner stone in investigating how to flexibly and efficiently accommodate the various user requirements, mobility, and environments in one framework, while reducing the control and feedback overheads of link adaptation techniques and making the system robust to OCI. However, it deals mainly with the system-level downlink data channel design, so should be complemented by an uplink and control channel design. In addition, a lower-level design should follow shich should include the application of the H-ARQ and MIMO technologies.
